The interaction between DNA and inorganic surfaces has attracted intense research interests, as a detailed understanding of adsorption and desorption is required for DNA microarray optimization, biosensor development, and nanoparticle functionalization. One of the most commonly studied surfaces is gold due to its unique optical and electric properties. Through various surface science tools, it was found that thiolated DNA can interact with gold not only via the thiol group but also through the DNA bases. Most of the previous work has been performed with planar gold surfaces. However, knowledge learned from planar gold may not be directly applicable to gold nanoparticles (AuNPs) for several reasons. First, DNA adsorption affinity is a function of AuNP size. Second, DNA may interact with AuNPs differently due to the high curvature. Finally, colloidal stability of AuNPs confines salt concentration, whereas there is no such limit for planar gold. In addition to gold, graphene oxide (GO) has emerged as a new material for interfacing with DNA. GO and AuNPs share many similar properties for DNA adsorption; both have negatively charged surfaces but can still strongly adsorb DNA, and both are excellent fluorescence quenchers. Similar analytical and biomedical applications have been demonstrated with these two surfaces. The nature of the attractive force however, is different for each of these. DNA adsorption on AuNPs occurs via specific chemical interactions but adsorption on GO occurs via aromatic stacking and hydrophobic interactions. Herein, we summarize the recent developments in studying non-thiolated DNA adsorption and desorption as a function of salt, pH, temperature and DNA secondary structures. Potential future directions and applications are also discussed.
Introduction
From a chemical standpoint, DNA is a block copolymer with four types of deoxyribonucleotide monomers differentiated by their bases. In the native double helical state, these bases are embedded, exposing only a negatively charged and chemically inert phosphate backbone. Such a structure allows for the maximal protection of genetic information, but for the same reason, DNA has long been considered to be a chemically boring molecule. With the invention of DNA chemical synthesis, singlestranded (ss) DNAs with arbitrary sequences become readily available, and are most often used as probes for complementary nucleic acids. [1] [2] [3] In addition, certain ss-DNAs (i.e. aptamers) can selectively bind to various metal ions, small molecules and proteins. [4] [5] [6] Compared to antibodies, aptamers are more stable and cost-effective to produce. Chemical synthesis allows for the incorporation of various modifications with less batch-to-batch variation. For these reasons, DNA has been a very popular molecule for biosensor development in the past two decades. [7] [8] [9] [10] [11] [12] [13] Aside from molecular recognition, DNA/surface interaction has attracted more and more attention for the following two reasons. First, many technologies require DNA immobilization and one of the primary examples is DNA microarrays, where glass is often used as a substrate. 1 In addition, sensor signaling and device incorporation also requires immobilization. Examples include surface plasmon resonance spectroscopy and mass-based detection, where a gold surface is often used. 14 In these systems, the interaction between DNA and surface should be minimal so that the molecular recognition property of DNA is maintained. 15 Planar gold surfaces are typically used for these applications and traditional surface science tools such as XPS, SERS, and neutron reflection can be applied to characterize DNA adsorption. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The second reason for studying DNA adsorption stems mainly from applications related to various nanoparticles. [34] [35] [36] [37] [38] [39] [40] Many DNA-functionalized nanoparticles have been tested for biosensor development, 9, 34, 37, 38, 41, 42 drug delivery 43 and directed assembly. 35, 36 For example, both gold and carbon surfaces are excellent fluorescence quenchers, enabling fluorescence signaling upon DNA adsorption/desorption. [44] [45] [46] [47] At the same time, adsorbed DNA can protect gold nanoparticles (AuNPs) against salt-induced aggregation, 48, 49 control the growth AuNPs, 50, 51 modulate catalytic activities of AuNPs, 52, 53 and improve the specificity of DNA polymerases. 54 Applications related to drug delivery can also be envisioned, 50, 55 since AuNP/DNA conjugates can be internalized by cells but free DNA cannot. 55 While DNA adsorption onto planar gold has been extensively studied, less fundamental work has been done on DNA adsorption by AuNPs, 48, 56, 57 despite the fact that numerous practical applications have already been reported. Compared to planar gold, dispersed AuNPs may allow for faster reaction rates.
Due to larger surface curvature, AuNPs can accommodate a higher DNA density. 58 AuNPs need to be studied in aqueous solution and are susceptible to salt-induced aggregation, while planar gold can be treated with high salt without stability concerns. At the same time, many surface science tools need to operate in ultrahigh vacuum and thus cannot be applied to studying nanoparticle dispersions. For these reasons, knowledge obtained from studying planar gold may not directly transfer to AuNPs.
We consider that a unique advantage of AuNPs is that they can maintain a "clean" surface for a long time, while it is very difficult to keep a planar gold surface clean. Gold has high surface energy and is likely to adsorb contaminants. There was a debate about the hydrophobicity of gold surface several decades ago 59, 60 and in the 1980s, it was finally confirmed that gold is hydrophilic as long as the surface is clean, reflecting the difficulty to keep a gold surface clean. The standard cleaning procedure is to use "piranha solution" (30% H2O2, 70% H2SO4) at high temperature. AuNPs on the other hand, are prepared and stored in aqueous solutions. Although the surface is likely to adsorb various compounds such as citrate to reduce surface energy, these adsorbed species can be easily displaced.
Water may also serve as a protection agent to exclude contaminants. Inset shows the number of papers related to DNA and graphene.
By searching the ISI Web of Knowledge database, we found an exponential growth in publications with the keywords DNA and gold nanoparticle, reaching over 700 papers in 2011 (Figure 1 ). In addition to AuNPs, interfacing DNA with graphene has also shown many promising applications and the number of publications exceeded 150 in 2011 (inset of Figure 1 ). Graphene oxide (GO) exhibits many similar properties as AuNP for DNA adsorption. For example, both are negatively charged colloids, good fluorescence quenchers and sensitive to DNA secondary structures for DNA adsorption.
The interactions between DNA and AuNPs or GO are governed by a number of intermolecular forces, including electrostatic interaction, hydrophobic force, DNA base stacking, and chemical bonding. In this Perspective, we dissect the various reaction steps of non-thiolated DNA interacting with these two nanomaterials. Future work and potential applications based on the current understandings are also discussed.
Properties of DNA bases.
To have a better understanding on DNA adsorption, we start with physicochemical properties of DNA bases so that various intermolecular forces can be interpreted. (1) Charge. A chemically synthesized n-mer DNA contains n-1 negative charges from the backbone phosphate whose pKa value is around 2. The pKa values of the bases are shown in Figure 2 . Within the pH range from 5 to 8, the bases are non-charged and therefore DNA is highly negatively charged at neutral pH. Deprotonation occurs for T and G at pH greater than 9 while protonation occurs for C and A at pH below 4, rendering DNA a partially zwitterionic molecule. (2) Hydrophobicity.
Hydrophobicity is often ranked by the logP value defined by the partition between octanol and water.
A lower logP value indicates stronger hydrophilicity. As shown in Table 1 , all the bases are quite hydrophilic, with cytosine being the most hydrophilic and adenine being the most hydrophobic. (Table 1) , 61 which is in good agreement with the diameter of a DNA duplex being ~2 nm. (4) Bonding. Chemical bonding with metals mainly comes from the bases. Base ring nitrogen and exocyclic keto groups are often used for binding to metal ions but the exocyclic amino groups are poor ligands since its lone-pair electron is delocalized. 62, 63 All the bases are aromatic and can achieve -stacking with other bases and with -electron containing surfaces such as graphene. Graphene is a single layer of graphite. [70] [71] [72] [73] [74] To disperse in water, GO is often prepared to contain various oxygenated groups ( Figure 3B ). 75 The carboxyl groups are responsible for the negative charges on the GO surface. The surface of GO is highly heterogeneous with both hydrophobic prinstine graphene regions and hydrophilic oxidized regions. [76] [77] [78] [79] [80] [81] Therefore, DNAs adsorbed onto different regions are likely to have different adsorption affinity. GO can tolerate higher salt concentration than AuNPs and aggregated GO can at least partially re-disperse upon lowering the salt concentration. Interestingly, both AuNPs and graphene are excellent fluorescence quenchers. They completely quench a diverse range of adsorbed fluorophores and quantum dots (e.g. static quenching).
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They are also long-ranged dynamic quenchers whose quenching efficiency follows d -4 dependency, where d is the distance between fluorophore and quencher. [82] [83] [84] [85] [86] [87] In comparison, molecular quenchers usually follow a d -6 dependency, and thus are more short-ranged. In the absence of additional salt (i.e. just ~5 mM Na + from the AuNP solution and buffer), almost no DNA is adsorbed. The adsorption rate increases with higher salt concentrations. In the presence of greater than 60 mM NaCl, adsorption is finished in 2 minutes as shown in Figure 4 . However, AuNPs start to aggregate under such conditions. It needs to be pointed out that Figure 4A was collected using 1 nM DNA and 1 nM AuNP. If the DNA concentration is increased, adsorption rate might decrease as the surface coverage is increased (see discussions on adsorption capacity in Section 7). In 1997, Herne and Tarlov reported that almost no thiolated DNA was adsorbed onto planar gold if water was used (i.e. no salt). 15 It is unclear about the electrostatic property of their gold surface, which might have been negative due to adsorbed molecules.
Another possible explanation is that the authors used XPS for detecting adsorbed DNA, which may not be sensitive to surface coverage below 1%. Due to the long Debye length in water, adsorbed trace amounts of DNA might form large electrostatic exclusion zones to repel incoming DNA. Without the colloidal stability problem, the authors investigated up to 1 M salt and concluded that maximal adsorption was achieved using greater than 0.4 M KH2PO4. Overall, the trend of salt-dependent DNA adsorption is the same for planar and colloidal gold. The same trend has also been observed for DNA adsorption onto GO, where little adsorption occurred when dispersed in water but high salt resulted in fast DNA adsorption ( Figure 4B ).
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Therefore, a similar electrostatic barrier also exists between DNA and GO. GO appears to have higher stability against salt, or at least its aggregation is less easily visually detected, allowing millimolar Mg 2+ to be used. 
Attractive forces.
Since the electrostatic interaction is repulsive, attractive forces must exist to achieve stable adsorption. A number of spectroscopic studies have pointed out strong chemical bonding interactions between DNA bases and a gold surface. As surface enhanced Raman signal is strongly dependent on the distance to the metal surface, it was suggested that deoxyadenosine binds to AuNP surface via both the N6 exocyclic amino and the N7 atom, leading to highly stable binding ( Figure 5 ). 90 This strong adsorption has also been supported by the fact that poly-A DNA stably adsorbs on Au surface despite the presence of complementary poly-T DNA. 19 Giese and McNaughton tested adenine adsorption onto various silver surfaces and found that both the N7 atom and amino group bond to a rough surface and Ag nanoparticles, however, only the N7 binds to silver island film, 91 which has been supported by several other authors. [92] [93] [94] Using scanning tunneling microscopy (STM), electron energy loss spectroscopy and ab initio calculations, Chen et al concluded that adenine adsorbs on Cu (110) via the amino group where the nitrogen shows sp 3 hybridization. 95 Note that the lone-pair electron of the exocyclic amino group is normally sp 2 delocalized, where it is unlikely to contribute much to adsorption.
Camafeita et al studied the adsorption of guanine and its derivatives on AuNPs and concluded that adsorption occurred via the keto-N9H tautomer with the base perpendicular to the metal surface.
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Since the N9 position is used to link the sugar ring, it is unlikely to contribute to DNA adsorption.
Based on SERS, Jang suggested deoxyguanosine binding via the C=O together with the N1 nitrogen. In another study by Pergolese et al, several guanine containing compounds were found to tilt (neither flat nor perpendicular) with respect to the metal surface and adsorption was via the C=O group and N7 atom ( Figure 5 ). 97 Jang suggested deoxycytidine binding via the N3 nitrogen as well as the keto oxygen ( Figure 5 ). 90 Doneux and Fojt studied cytidine adsorption onto Au(111) using in situ IR spectroscopy and concluded that chemisorption occurs via the N3 nitrogen exclusively.
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Thymine adsorption was the weakest and was proposed to be via the C4 keto oxygen. 90 The orientation of the adsorbed bases is still under debate and mechanisms where the base ring is perpendicular, parallel or tilted with respect to the metal surface have been suggested. 90, 91, 95 Several computational studies have also been carried out. 99, 100 In one report by Alavi et al, it was concluded that DNA bases are adsorbed parallel to gold surface and their organization is a function of base identity and density. 101 While the exact interacting groups and DNA orientations remain to be fully studied, it is generally accepted that strong chemical bonding interactions exist between DNA bases and gold surfaces. In addition to chemical bonding, a number of other forces have been proposed to be responsible for DNA adsorption including van de Waals force, 48 hydrophobic interactions, 56 and induced dipole interaction (a type of van de Waals force). 102 We consider that citrate capped AuNPs are highly hydrophilic and little DNA desorption was observed after washing with ethanol. 57 As a result, hydrophobic force should not play a major role.
DNA base adsorption by graphene has been extensively studied using computational studies. [103] [104] [105] It is generally accepted that the base rings are parallel to the graphene surface to maximize -stacking.
Antony and Grimme concluded that the adsorption energy follows the order of G > A > T > C, 103 which is similar to G >A  T  C obtained by Gowtham using density function calculations. 105 By using atomic force microscopy to study the force required to peel DNA off the graphite surface, 6. DNA adsorption energy. While it is difficult to identify the contribution of each intermolecular force for DNA adsorption, DNA adsorption energy can be directly measured, thereby reflecting the magnitude of these forces. A number of surface science techniques have been used to measure the adsorption energy between DNA bases and a planar gold surface under ultrahigh vacuum conditions.
Temperature programmed desorption (TPD) is a popular method, where a gold surface with adsorbed DNA bases is gradually heated and the desorbed bases are monitored. It was found that all the bases adsorb with a high energy (over 100 kJ/mol) indicating chemisorption with the order of G>A>C>T. [107] [108] [109] The detection methods for desorbed products include mass spectrometry and IR, all of which yielded similar results among several research groups. This energy is similar to alkylthiol binding to gold (e.g. 120-160 kJ/mol), leading to highly stable adsorption of even non-thiolated DNA. Adsorption energy measurements in vacuum might not be directly related to reactions in aqueous buffers. The DNA base adsorption energy in aqueous solution has been studied using isothermal titration calorimetry (ITC) but the reported adsorption energies are only a few kJ/mol, 110 decreasing by more than 40-fold compared to that measured under vacuum conditions. DNA bases might need to remove associated water molecules before chemisorption by AuNPs, which may contribute to the very low released heat of adsorption. In addition, incomplete binding might also occur since no data was presented on whether quantitative binding was achieved.
For DNA adsorption on graphene, the energy differs quite a bit for various bases. ITC measurements show the trend G >A>C>T. 111 Interestingly, the heat of adsorption is a function of GO concentration and significantly more heat was released with more GO. For example, adenosine releases 2.26 kJ/mol heat with 0.3 mg/mL of GO but 22.6 kJ/mol heat with 1.0 mg/mL of GO. One possibility is that surface saturation and a higher GO concentration can adsorb more bases. Another explanation is that the surface is heterogeneous and certain regions can adsorb the bases with higher affinity. We have followed a 24-mer DNA adsorption using ITC. 89 At the same time, DNA adsorption capacity was also measured. For the first few injections, close to quantitative adsorption can be achieved, but heat of adsorption also decreased, suggesting the effect of surface heterogeneity. The pristine graphene domains are likely to adsorb DNA more tightly with more heat released than highly oxidized domains.
For each base, the adsorption energy appears to be lower for GO than that for gold, since adsorption by gold is achieved through chemical bonding, which is stronger than -stacking.
Adsorption capacity.
It is well-established that salt concentration determines the loading capacity of thiolated DNA by AuNPs, where higher salt results in more DNA adsorption. [112] [113] [114] [115] When the NaCl concentration is close to 1 M, ~110 thiolated DNA strands can be immobilized on each 13 nm AuNP. 58, 112, 113 It is believed that salt can screen the charge repulsion among the neighboring DNAs and force DNA to adopt a stand-up conformation. Such a high DNA density is important for nuclease activity, 115, 116 cooperative DNA melting, 117 increased binding affinity to cDNA, 118 and cell internalization. 119 The adsorption capacity of non-thiolated DNA, however, is much less studied.
Akerman and co-workers mixed non-thiolated DNA with 13 nm AuNPs and then measured DNA adsorption using gel electrophoresis.
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With AuNPs, the free DNA band is decreased compared to the reference sample without AuNPs. They measured the maximal loading of a 12-mer DNA to be ~70 per AuNP. We studied the adsorption capacity of non-thiolated DNA as a function of salt concentration and DNA length. 57 After overnight incubation, the AuNPs were centrifuged and washed to remove free DNA in the supernatant, and adsorbed DNA was quantified after adding a high concentration of -mercaptoethanol. As shown in Figure 6A , more DNA was adsorbed in the presence of more salt, consistent with the conclusion of thiolated DNA. The adsorption capacity is also a function of DNA length; short DNAs are adsorbed with a higher capacity. Our measured DNA loading is much lower than that obtained using gel electrophoresis.
This may be attributed to the fact that we measured tightly adsorbed DNA after repeated washing while the gel method may also count weakly adsorbed DNA. In addition, the DNA concentration we used was also lower. Nevertheless, both studies confirmed that the number of adsorbed non-thiolated DNA is lower than thiolated DNA. Non-thiolated DNA might wrap around AuNP and thus occupy a larger footprint.
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It needs to be pointed out that non-thiolated DNA loading is often measured at relatively low salt to avoid AuNP aggregation; high loading might still be achieved if AuNPs could be stably dispersed under very high salt conditions.
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Based on the DNA loading capacity in Figure 6A , we propose that each adsorbed DNA forms an exclusion area and the excluded radius can be calculated by dividing the AuNP surface area by the number of adsorbed DNA. 57 This exclusion radius is a sum of the DNA hydrodynamic radius on AuNP plus a length related to charge repulsion from the neighboring DNAs. This charge repulsion distance should be a function of Debye length and indeed a linear relationship was obtained by plotting these two ( Figure 6B ), suggesting an electrostatic influence of DNA loading capacity under experimental conditions. The longer DNA has a higher slope, which was attributed to its higher number of absolute charges.
We did not find any report on non-thiolated DNA loading capacity on planar gold, which may be significantly higher than the loading onto AuNPs since a much higher salt concentration can be used.
We also measured the DNA adsorption capacity onto GO to be ~200 nM 24-mer DNA for 20 g/mL of GO. 
Effect of pH.
Since most DNA adsorption experiments are performed at physiological conditions, the effect of pH has not attracted much attention. We found that pH plays an important role in DNA adsorption onto both AuNPs and GO. 57, 88, 122 Using a DNA to AuNP ratio of 20:1, the adsorbed DNA increased from ~20% to 95% by dropping pH from 7.6 to 3.5 ( Figure 7A ). 57 This could be explained by both the protonation of citrate on AuNP as well as protonation of the DNA bases (e.g. C and A). The same is true for GO, where we observed quantitative DNA adsorption at pH 4 and 5 but at pH 8 only ~30% DNA was adsorbed ( Figure 7B ). 88 This GO experiment was performed at low salt to highlight the effect of pH. The -potential of GO as a function of pH was recently reported; the absolute value of -potential decreased almost linearly with decreasing pH from 12 to 2, although the surface was negatively charged in the whole range. 123 Therefore, GO is likely to contain a wide range of acid groups with different acidity. We performed ITC experiments and indeed significantly more heat was released at lower pH. 89 Based on this observation, we designed a biosensor regeneration method, where aptamer DNA probes were non-covalently adsorbed. At pH 7.5, adsorbed aptamer probes are desorbed by adding target molecules to produce fluorescence signal. At pH 3.5, desorbed aptamers re-adsorb and released target analytes are washed away to regenerate the sensors. 
Effect of temperature.
Temperature is an important parameter to study reaction mechanism. Li and
Rothberg mixed a 50-mer DNA with AuNPs at various temperatures. Upon cooling and adding salt, AuNPs incubated with DNA at higher temperature were better protected, indicating more DNAs were adsorbed. 48 Recently systematic temperature-dependent studies were carried out in various types of salts and the activation energy barrier for DNA adsorption was determined to vary from a few to ~40 kJ/mol. 56 We studied DNA adsorption onto GO at various temperatures and also observed faster DNA adsorption at higher temperature. The activation energy in 0.1 mM Mg 2+ was calculated to be 31.6 kJ/mol. These temperature-dependent studies confirmed the presence of an activation energy barrier.
These activation energies are likely to decrease by raising ionic strength, which is supported by the adsorption kinetics data in Figure 4 .
Adsorption isotherm and desorption. Adsorption isotherm measures the amount of adsorbed
molecules as a function of DNA concentration at a fixed temperature, which provides insights into not only adsorption but also desorption. Akerman and co-workers reported non-thiolated DNA adsorption isotherm using gel electrophoresis. We measured the isotherm using centrifugation. In both cases, Langmuir isotherms were observed, indicating monolayer adsorption with adsorption/desorption equilibrium. Using a FAM-labeled 12-mer DNA, we found that the Langmuir constant was similar for high and low salt concentrations ( Figure 8A ). Since this constant reflects the relative rate of adsorption over desorption, and adsorption is much faster at higher salt, we postulate that desorption is also faster at higher salt concentrations. To test this, we monitored DNA desorption from AuNPs as a function of salt concentration ( Figure 8C ). Indeed, higher salt concentrations induced faster desorption. This is an intriguing result since salt is required for DNA adsorption. We propose that DNA displaces citrate on AuNP upon adsorption and thereafter the electrostatic repulsion between AuNP and adsorbed DNA is minimal. With low salt concentration, it might be more favourable for DNA to adapt an extended conformation on AuNP, exposing DNA bases to AuNP surface to strengthen adsorption. With high salt, the DNA internal charges are screened to produce more compact structures on the AuNP surface, reducing the number of contact points and facilitating desorption. The stability of alkylthiol molecules on Au surface is also known to decrease at high salt, [125] [126] [127] and the same chemical mechanism might also contribute to the observed stability trend for non-thiolated DNA. We also compared the adsorption isotherms of the 12 and 44-mer DNAs ( Figure 8B ), and observed that longer DNA has a higher Langmuir constant. Since longer DNA is adsorbed more slowly, it should also desorb more slowly, which has been supported by the desorption experiment ( Figure 8D ). Overall, DNA desorption from AuNP surface is very slow. For example, only ~0.5% of a 44-mer DNA desorbed in 2 hours.
We also measured the isotherm of DNA adsorption onto GO (unpublished data). Initially quantitative adsorption was achieved. After ~40% of surface capacity, free DNA started to appear in the supernatant. It is unlikely that the Langmuir isotherm is the best description for this adsorption reaction since one of its basic assumptions is that all the surface sites need to have the same adsorption energy.
Based on our ITC studies, a diverse range of adsorption affinities exist on GO. DNA desorption from GO has been extensively studied and more desorption occurred with lower salt concentration, which is opposite to that observed for AuNPs. This might be related to the fact that the negative charges on GO are permanent while the negative charges on AuNP come from adsorbed citrate and DNA. Even after overnight soaking in water, only ~15% DNA desorbed from GO. Desorption can be further facilitated by using high pH and high temperature. After heating in 5 mM Tris pH 9.5, only ~80% DNA desorption was achieved. The remaining ~20% cannot be removed even after repeatedly washing under harsh conditions. 89 This again is a reflection of surface heterogeneity. We reason that a small fraction of DNA is tightly adsorbed onto the pristine graphene region and reducing salt and raising pH is ineffective for removing these DNAs. Complete desorption can only be achieved by adding an excess amount of complementary DNA. Zhao and co-workers adsorbed a fluorescent thrombin aptamer onto 5 and 10 nm AuNPs and found more thrombin induced aptamer desorption occurred with the 5 nm AuNP sample. 128 We also noticed that adding cDNA failed to induce DNA desorption from 13 nm AuNPs, but moderate desorption was observed from 5 nm AuNPs (unpublished data). When AuNP size is decreased to ~2.5 nm, not only cDNA but non-complementary DNA can produce effective desorption or displacement of adsorbed DNA. 129 It appears that 5 nm is a critical size, above which AuNPs behaves like bulk gold with very strong adsorption affinity. Akerman and coworkers proposed that larger AuNPs are more easily polarized, where the induced dipole is responsible for DNA adsorption. 102 We consider that if chemical bonding with DNA bases is responsible for DNA adsorption, increasing AuNP size may increase the number of free electrons to share with DNA bases.
Interestingly, Kim and Surng reported adsorption of aptamer-functionalized quantum dots onto AuNPs up to 100 nm, where analyte induced desorption was still observed. 130 It is likely that quantum dots have played a role in affecting DNA/AuNP adsorption. The size effect of GO on DNA adsorption has not been reported. It appears that even nano-sized GO can still effectively adsorb DNA. If the kinetic barrier can be overcome by adding salt, effective adsorption can still take place. For example, using a planar gold surface, Kimura-Suda et al showed that a duplex DNA made of A25 and T25 dissociated on the gold surface and A25 was adsorbed as ss-DNA. 19 Therefore, the DNA hybridization energy is weaker compared to chemisorption of DNA by gold. Thermodynamically DNA adsorption by gold should still be favorable, regardless of DNA secondary structure. Akerman and co-workers observed ds-DNA adsorption onto AuNPs using gel electrophoresis. 102, 133 However, it was unclear whether the adsorbed DNA denatured on the gold surface or not in this case. Longer DNAs are more likely to form secondary structures and they diffuse more slowly, producing slower adsorption kinetics. 48, 88, 132 Once adsorbed by AuNPs, however, longer DNAs desorb more slowly ( Figure 8D ), indicating more contact points with the gold surface and a stronger binding affinity.
Similar to AuNPs, ds-DNAs and folded DNAs are adsorbed more slowly by GO. 45, 132, 134 Theoretical studies show that ds-DNA can be adsorbed either vertically, with the end base stacking with the graphene surface or horizontally, with the several end base pairs open to interact with the surface. 135 Several reports on the adsorption of ds-DNA by graphene have been published and salt is generally required for adsorption to take place. [136] [137] [138] 13. Applications in biosensor development. Based on the DNA adsorption/desorption properties as well as the optical properties of AuNPs and GO, a diverse range of optical biosensors have been designed. 7, 37, 139, 140 AuNPs possess extremely high extinction coefficients such that low nM or even pM AuNPs can be vividly observed by the naked eye. Salt can induce AuNP aggregation to show blue or purple color ( Figure 9A ), while adsorbed DNA protects AuNPs against aggregation ( Figure 9B ).
Adsorption of short ss-DNA is faster than long, ds-or folded DNA, which was originally demonstrated by Li and Rothberg for DNA detection and monitoring PCR products. 48, 49, 141 If all the DNAs in the system are double-stranded, AuNPs aggregate upon adding salt ( Figure 9C ). Short ss-DNA can be generated via a DNAzyme cleavage reaction as shown in Figure 9D , allowing metal ions such as Pb 2+ to be detected. [142] [143] [144] [145] DNA aptamer conformational change induced by target analytes has also been extensively tested with AuNPs and an example for K + detection is shown in Figure 9E . [146] [147] [148] [149] [150] [151] This method is popular because of its high sensitivity for visual detection and it allows for label-free detection. However, this method is also susceptible to false results. For example, the protection is quite moderate and high salt (e.g. >300 mM NaCl) can still induce aggregation even with adsorbed DNA.
Protein adsorption (e.g. from serum samples), on the other hand, may prevent aggregation even with high salt. The same idea of assaying DNA conformation has also been applied using GO. Since the colloidal stability of GO is more difficult to quantify based on its optical appearance and DNA adsorption density is quite low, a fluorescently labeled DNA is often used so that DNA adsorption can be monitored by fluorescence quenching. 132 From the sensing stand point, such a detection scheme produces "light off" sensors that have limited sensitivity. Alternatively, fluorescently labeled DNA is adsorbed onto GO first to result in quenched fluorescence. Upon adding target analytes, the adsorbed DNA desorb by changing DNA conformation and produce fluorescence. These methods have been used to detect DNA, 45, [152] [153] [154] [155] [156] metal ions, 132, 157 small molecules, 131, 158, 159 proteins, 160 and cells. 161 We consider that such physisorbed DNAs are prone to non-specific displacement and thus adding a covalent bond can further increase sensor specificity. 89 As mentioned previously, since AuNPs either adsorb DNA too tightly (e.g. >10-13 nm) or too weakly 14. Effect on surface hybridization. One of the early motivations to study DNA adsorption on Au surfaces was to optimize DNA hybridization with surface immobilized thiolated DNA probes. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] To avoid non-specific adsorption of DNA bases, Herne and Tarlov found that short alkylthiol molecules such as mercaptohexanol (MCH) can effectively displace non-specific DNA base adsorption and increase DNA hybridization efficiency. 15 For AuNPs, the most popular method is to use a densely packed thiolated DNA, which serves as a blocking agent for itself. Hybridization can effectively take place since the density of DNA required to stabilize AuNPs is sufficient to block the AuNP surface.
This has probably taken advantage of AuNP surface curvature such that the surface of AuNP is packed but the sequence outside can still have room to hybridize, especially when a spacer is used to separate the thiol group from the hybridization sequence. Zu and Gao report that the best hybridization efficiency is achieved when the thiolated DNA density is ~40 on 13 nm AuNPs. If the density is too high, the hybridization efficiency decreases.
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The use of molecules like MCH to back fill the AuNP surface have also been tested, but its effect on DNA hybridization has not been systematically studied. 162, 163 15. A few technical notes. We presented in this Perspective that fluorescently labeled oligonucleotides are useful probes for DNA-based surface reactions. FAM-labeled DNA is the most commonly used probe since it has high quantum yield and is relatively more cost-effective to produce. At the same time, however, FAM is pH sensitive and essentially non-fluorescent when pH is lower than 5, which needs to be taken into consideration when designing experiments. In addition, both AuNPs and GO have high extinction coefficients and fluorescence dropping due to just light extinction needs to be considered.
For example, the as-prepared 13 nm AuNPs have an absorption value of ~2.7 at 520 nm, where FAM emits. This means if 1000 photons are transmitted through a cuvette of 1 cm path-length, only 2 can get out. Although FAM molecules are dispersed in the cuvette and the average path-length is likely to be shorter, the extinction of light by this mechanism can still be very significant. Therefore, we often try to adjust AuNP extinction to be ~0.3 or lower to minimize extensive quenching.
Summary and future directions.
Owing to the development of the self-assembled monolayer (SAM) technology, 164 thiolated DNA has been the most popular choice to interface with gold surfaces.
Since its initial report in 1996, thiolated DNA has offered an excellent control on DNA surface density and hybridization with good adsorption stability. It was soon realized that DNA bases can "nonspecifically" adsorb onto planar gold to prevent surface hybridization, leading to the invention of various surface blocking techniques to minimize non-specific interactions. 15 This was less of a problem for AuNPs due to the high density of DNA required to achieve colloidal stability, where DNA served as its own blocking agent. Later it was found that non-thiolated DNA adsorption by AuNPs can also be very useful. 48 With limited colloidal stability and also limited characterization tools, studying DNA adsorption by AuNPs appears to be quite difficult, leading to a number of controversies. In this Perspective, we have outlined several fundamental surface reaction steps for non-thiolated DNA adsorption onto AuNPs. We and many other groups have demonstrated that fluorescently labeled DNA is a useful probe, taking advantage of fluorescence quenching by AuNPs. Charge repulsion is the main barrier for DNA adsorption, which can be overcome by adding salt, reducing pH, or increasing temperature as attractive forces take place at only very short DNA-to-gold distances. DNA adsorption by AuNPs is based on chemical interactions between DNA bases and AuNPs. The interactions are so strong that little desorption takes place. DNA adsorption also appears to be a function of AuNP size.
The most commonly used 13 nm AuNPs are already large enough to show very strong adsorption, but
AuNPs smaller than 5 nm appear to bind DNA weakly. DNAs with stable secondary structures are kinetically disfavored for adsorption by AuNPs but once adsorbed, the adsorption is still very strong.
GO is a newly discovered material that shares many properties with AuNPs, such as surface charge and fluorescence quenching properties. The adsorption is weaker for GO since the main attractive force is non-covalent -stacking. The GO surface is quite heterogeneous, displaying both hydrophobic regions favorable for DNA adsorption and highly oxidized regions that repel DNA. This leads to a diverse range of adsorption energies. It is likely that DNA adsorption by GO has a similar energy to aptamer binding and DNA hybridization, which can induce DNA desorption. For AuNPs, however, binding induced desorption hardly occurs. This difference has governed the different signaling methods used for developing DNA-based sensors involving AuNPs or GO.
We consider that many fundamental studies still need to be carried out to fuel practical applications and several examples are given here. 1) The details of the bonding interactions between DNA bases and gold surface need to be confirmed, including the orientation of the bases. It might be possible that each base can adopt several adsorption conformations. 2) AuNP size-dependent DNA adsorption needs to be carried out systematically. Both experimental work and computational simulation may be required to achieve full understanding. 3) So far, most work has been performed in water and studying the solvent effect may provide further insights. Adding organic solvents can probe fundamental intermolecular forces and also effect DNA hybridization and melting. 165, 166 4) Work needs to be performed to understand adsorbed DNA inside macromolecular packed environments such as in cells. 5) Most of the current studies focus on DNA adsorption and desorption. Many other important steps such as surface reaction mechanisms and surface diffusion remain unclear. For example, the mechanism of cDNA induced DNA desorption from GO remains to be explored. In general, if cDNA is adsorbed first and then diffused to react, the reaction follows the Langmuir-Hinshelwood mechanism. On the other hand, if the cDNA directly react with adsorbed probe from the solution phase, it is an Eley-Rideal reaction.
With improved understandings on DNA surface interactions, related applications can also be envisioned. For example, currently the hybridization rate on AuNPs is still quite slow and understanding surface chemistry may accelerate this reaction. 167 Biosensors based on DNA and surface interaction can be further improved to achieve higher sensitivity, better specificity and faster response.
Using DNA to direct materials synthesis is another direction. A few reported cases have been published to prepare AuNPs using DNA. 50, 51 With better understanding of the fundamental adsorption effect, new materials may be prepared. 168 Finally, AuNPs and GO can assist adsorbed DNA to be delivered into cells, and this has been rarely explored using non-thiolated DNA adsorbed by AuNPs. 50 
